study has shown that the lateral plate produces a facfrom the antagonistic actions of a diffusible medializtor(s) that maintains the cells of the lateral somitic half ing signal from the neural tube and a diffusible laterin an immature Pax3-expressing state while repressing alizing signal from the lateral plate mesoderm, and MyoD and myf5 activation and that is apparently responwe implicate bone morphogenetic protein 4 (BMP4) in sible for the delay imposed on the differentiation of these directing this lateralization.
Introduction ment cells, however, it has not been possible to characterize the factor(s) produced by the lateral plate. In vertebrates, all striated muscles, except some musHere, we report the identification of an early and seleccles in the head, arise from segmentally arranged mesotive molecular marker for lateral somitic cells in the dermal structures called somites, epithelial spheres that chick, cSim1, which we have used to characterize and bud off from the unsegmented paraxial mesoderm acidentify signals involved in the specification of the lateral cording to a craniocaudal sequence (Christ and Ordahl, and medial somitic fates. cSim1 is an avian homolog of 1995). The ventral portion of the somite subsequently the Drosophila single minded (sim) gene, a basic helixbecomes mesenchymal to form the sclerotome, which loop-helix (bHLH) transcription factor that acts as a masgives rise to the axial skeleton. The dorsal portion reter regulator controlling the fate of the central nervous mains epithelial and becomes the dermomyotome, presystem (CNS) midline cells (Nambu et al., 1991). We show that the lateral plate produces a diffusible signal cursor of striated muscles and dermis.
(data not shown). To determine whether the cSim1 expression domain in the lateral dermomyotome corresponds to the the hypaxial muscle precursors known to derive from the lateral segmental plate (Ordahl and Le Douarin, 1992), quail-chick chimeras were generated mesoderm of a chick host was replaced by its quail counterpart at the 15-somite stage ( Figure 2G ). At E3 in these embryos, the region corresponding to the cSim1 that is required for activation of cSim1 expression in the expression domain was always found to be composed lateral somitic cells and that this signal is counteracted of chick cells, indicating its lateral identity ( Figure 2H ). by a diffusible signal produced by the neural tube that Therefore, cSim1 constitutes a selective marker for the prevents cSim1 activation in the medial somitic domain.
lateral somitic compartment and its dorsal derivatives. In search for growth factors expressed in the lateral plate In addition, its differential expression between lateral mesoderm, we observed that the transforming growth and medial dermomyotome provides molecular evifactor ␤ (TGF␤) superfamily member BMP4, which is dence for an early segregation and a genetic difference involved in several important inductive events in vertebetween cells that will form the muscles of the epaxial brates (for review, see Hogan et al., 1994) , is expressed and the hypaxial domains. in the lateral plate during somitogenesis at a time consistent with a role in cSim1 activation. Moreover, we provide evidence that BMP4, like the lateral plate, can in- , 1996) . The sequences of the Drosophila and murine sim genes were used to patterning of the lateral somitic moiety is controlled by signals from the lateral plate (Pourquié et al., 1995) . We isolate a fragment of the chick Sim1 (cSim1) gene. The bHLH domain of cSim1 is 92% homologous to that of therefore investigated whether cSim1 expression was affected by signals from the lateral environment. Drosophila sim (Nambu et al, 1991) and 100% homologous to that of mSim1 (Figure 1) .
When the paraxial mesoderm was separated from its lateral environment by a surgical slit between the paraxcSim1 expression was first detected at stage 10 in the developing Wolffian ducts, where it remains strongly ial mesoderm and the intermediate mesoderm through all three germ layers, cSim1 expression was not deexpressed at least up to stage 23. cSim1 expression in somites was first detected in stage 13 embryos, where tected on the operated side even though somites segmented normally and segregated into dermomyotome it was restricted to the lateral somitic half of somites III-X; a faint message could also be detected in the and sclerotome ( Figures 3A-3C) . Similarly, when an impermeable (silastic or vitelline) membrane was placed lateral half of the most anterior somites. At stage 14, cSim1 was strongly expressed in the lateral somitic half in the slit, cSim1 expression in the lateral half of the somite disappeared ( Figures 3D-3F ). In contrast, when of caudal somites (from somite III) and decreased progressively anteriorly (Figures 2A-2D ). Expression was a nucleopore filter (0.2 m pore diameter, which allows exchange of diffusible substances) was inserted in the detected in the lateral part of the epithelial somite ( Figure  2C) , and when the somite segregated into a dermomyoslit, the cSim1 expression pattern on the operated side was normal ( Figures 3G-3I ). These experiments indicate tome and a sclerotome, it was found to be expressed in the lateral dermomyotome as well as in the lateral that a diffusible signal(s) produced by lateral tissues is required for cSim1 expression in the lateral somitic sclerotome ( Figure 2D ). This expression in the sclerotome was not detected during later maturation of the compartment. To determine which lateral tissue was responsible for somite. At later stages (from stage 14 onward), cSim1 expression in the somite became restricted to the lateral this effect, we first studied whether the Wolffian duct is required for activation of cSim1 expression. Developpart of the dermomyotome in all somites ( Figure 2E ) (except somites I and II) along the anteroposterior axis ment of the Wolffian duct along the anteroposterior axis occurs by migration toward the posterior of the duct and was also transiently found in the early migratory cells at the wing and leg bud levels (data not shown). At between the lateral plate mesoderm and the somitic mesoderm. This migration was blocked unilaterally by E3, cSim1 was restricted to the lateral dermomyotome ( Figure 2F) , and a faint expression domain was also inserting a piece of egg shell membrane at its posterior extremity in stage 10 embryos (Le Douarin and Fontaine, detected in the ventral neural tube in a cell population located between the motor neurons and the floor plate 1970), resulting in the absence of the Wolffian duct on A Diffusible Signal(s) Produced by the Neural Tube Prevents Extension of cSim1 To test directly which portion of the lateral plate induces cSim1 expression in somites, we grafted pieces Expression to the Medial Somitic Domain We next investigated the mechanisms that restrict of isolated somatopleura or splanchnopleura (i.e., dorsal or ventral components) into a groove made between the cSim1 expression to the lateral somitic compartment. One possibility was that the neural tube adjacent to the paraxial mesoderm and the neural tube. Somites were reduced in size, and cSim1 was expressed in the whole medial somitic half produces a signal that counteracts the action of the factor(s) produced by the lateral plate dermomyotome including its medial domain, with both somatopleural grafts (Figures 4A-4C ) and splanchand prevents the extension of the cSim1 expression domain to the medial somitic half. Three lines of evinopleural grafts (Figures 4D-4F ). In addition, grafts of isolated somatopleura and splanchopleura induced dence supported this possibility. First, when an impermeable barrier such as a silastic or vitelline membrane Pax3 and inhibited MyoD expression in the medial somitic compartment (data not shown), as observed was inserted between the neural tube and the paraxial mesoderm, the cSim1 domain extended to the medial previously with grafts of the entire lateral plate (Pourquié et al., 1995) . In contrast, no effect on cSim1, Pax3, or somitic half ( Figures 5A-5C ), whereas when a nucleopore filter (O.2 m pore diameter) was inserted, the MyoD expression was observed when clumps of the QT6 fibroblastic quail cell line of comparable size were cSim1 expression domain was unaffected (Figures 5D- moval of the neural tube results in fusion of somites and surrounding somites was available, we analyzed the distribution of the BMP4 mRNA and compared it with that of cSim1. At stage 11, cSim1 expression was only detected in the Wolffian duct ( Figures 7D and 7G ). Prior to stage 11, no BMP4 expression was detected in the lateral plate mesoderm, except in the caudal-most region of the embryo ( Figure 7A ). As development proceeds, the BMP4 expression domain extends anteriorly in the lateral plate from the caudal part of the embryo. In stage 12 embryos, BMP4 was detected in the lateral plate mesoderm all along the anteroposterior axis (Figure 7B) where it was restricted to the somatopleura, splanchnopleura, and intermediate mesoderm, but was absent from the Wolffian duct (data not shown). cSim1 appeared in the lateral somitic half of all somites from stage 13 ( Figures 7E, 7H , 7F, and 7I) at the same level animal caps cultured in the presence of activin and supernatant from infected cells did not (data not shown), development of a single sclerotome and dermomyoconsistent with the secretion of BMP4 by BMP4/RCAStome above the notochord). To test whether the expresinfected cells. Aggregates of QT6-BMP4 cells of similar sion of cSim1 throughout the dermomyotome was due size as the grafted splanchnopleura and somatopleura to the selective death of medial cells, neural tube ablawere therefore inserted into a groove between the neural tions were performed in 15-somite chick embryos in tube and the paraxial mesoderm, where they expressed which the medial half of the unsegmented paraxial high levels of mouse BMP4 transcripts ( Figure 8A ). Inmesoderm was unilaterally replaced by its quail counterduction of both cSim1 and Pax3 was observed in the part as described in Figure 2G . In these animals, quail medial domain of somites in the vicinity of the aggrecells were found in the medial portion of the fused dergates ( Figures 9B and 9D) , and expression of MyoD was momyotome and in most of the sclerotome on the operinhibited ( Figure 9F ). Morphological differentiation of the ated side ( Figure 6H) . Thus, removal of the neural tube somite into sclerotome-like and dermomyotome-like results in expression of cSim1 in medial cells. Taken structures was not affected in these grafted embryos together, these results indicate that the neural tube se-( Figures 9B, 9D, and 9F) . Aggregates of noninfected QT6 cretes a diffusible factor(s) that is necessary to prevent quail cells do not express BMP4 (Figures 8B and 8C ) expression of cSim1 in the medial somitic compartment. and had no effect on cSim1, Pax3, or MyoD expression ( Figures 9A, 9C, and 9E) . Therefore, aggregates of QT6-BMP4 Is a Candidate for the Lateralizing Signal BMP4 cells can mimic the lateralizing effect of the lateral Our results prompted us to search for factors with replate, which expresses BMP4 ( Figure 8D ). BMP4 is thus stricted expression in the lateral plate. One of the BMP a good candidate for the endogenous factor produced family members, BMP4, was reported to be expressed by the lateral plate involved in lateral somite specifispecifically in derivatives of the ventral and lateral mesocation. derm in the frog and mouse embryo (Hogan et al., 1994; Fainsod et al., 1994). In the chick embryo, its expression Discussion in the limb bud and the neural tube has been well described (Francis et al., 1994; Liem et al., 1995) . Since no Here, we report that an avian homolog of the sim gene provides an early molecular marker for the lateral somitic description of the expression of BMP4 in the mesoderm lineage. We provide evidence that expression of cSim1 Expression of the avian homolog of the sim gene, cSim1, in the paraxial mesoderm was found to be rein the lateral lineage results from competition between a diffusible signal produced by the lateral plate that stricted to lateral somitic derivatives from the epithelial stage to their late differentiation. Expression was also is required for cSim1 expression and an antagonistic diffusible signal produced by the neural tube that pretransiently found in the early migratory cells that later establish the limb musculature at the wing and leg levels. vents the extension of the lateral somitic domain toward the medial compartment. Moreover, we show that BMP4 Previously, Pax3 has been used as a marker for the lateral somitic lineage, where it is expressed at high is expressed in the lateral plate and that cells expressing BMP4 can mimic the lateralizing signal from the lateral levels. Pax3 is first detected in the rostral end of the unsegmented plate and is maintained in the whole soplate, suggesting a role for BMP4 in lateral somite specification in vivo. sion in somites, whereas surgical separation of somites from the neural tube results in expression of cSim1 medially as well as laterally, demonstrate the existence of from that of mSim1, which is expressed initially throughout the unsegmented paraxial mesoderm, then beopponent signals from neural tube and lateral plate that control cSim1 expression. This is further supported by comes rapidly restricted to the entire dermomyotome (Fan and Tessier-Lavigne, 1994). Eventually, however, the results of our heterotopic grafting experiments with lateral plate and neural tube. One possibility is that the Sim1 expression in mouse becomes confined to the lateral aspect of the dermomyotome (unpublished data), lateral plate activates and the neural tube represses for a minimum of 6 hr and then removed and replaced by F10 tube and the paraxial mesoderm as described (Pourquié et al., 1993 , medium complemented with 10% fetal calf serum, 1% chicken se-1995). Grafts of cell aggregates between the neural tube and the rum, supplemented with glutamine and penicillin-streptomycin. paraxial mesoderm were performed according to the same proceAfter 1 week in culture, 100% of the QT6 cells were infected. To dure. Grafts of barriers were performed in the same way, except graft the cells, confluent cultures were transferred to petri dishes. that the slit to insert the barrier was made through all three germ After 24-48 hr, the cells formed compact aggregates that were used layers. For the grafts of barriers between the lateral plate and the for grafting in the embryo. Expression of exogenous BMP4 transomitic mesoderm, a cut was made through all three germ layers scripts was examined in grafted embryos by whole-mount in situ between the paraxial mesoderm and the intermediate mesoderm hybridization using a mouse specific BMP4 probe (Jones et al., and the barrier was inserted within the slit. For lateral grafts of the 1991). The QT6-BMP4 cells produce viral particles that could infect neural tube, a segment of neural tube from the segmented region nearby cells but the duration of the graft (less than 24 hr) does not of a stage 12 embryo was dissected out in 0.25% pancreatin allow a complete viral cycle to occur. Accordingly, expression of (GIBCO-BRL) in PBS and grafted into a groove lateral to the somite. mouse BMP4 RNA was never detected in cells other than the imFor the ablations of the neural tube, bilateral incisions in the ectoplanted QT6-BMP4 cells, implying that the effect of the QT6-BMP4 derm were made along the segment to be removed and 0.25% cells is direct. pancreatin was injected into these grooves. After 1 min, the embryos were rinsed with PBS and the segment of neural tube was dissected Acknowledgments out. All experiments were performed at the level of unsegmented mesoderm, and embryos were reincubated for 15-24 hr, which corCorrespondence should be addressed to O. P. We thank Dr. Dominresponds roughly to the formation of 10-15 somites. 
